Because of an explosion in the number of sequenced genes of rice with unknown function revealed by large-scale analysis of expressed sequence tags (ESTs) (Sasaki et al 1994, Yamamoto and Sasaki 1997) and genome sequencing (Sasaki and Burr 2000) , development of a systematic method suitable for discovering the biological functions of these genes becomes extremely important. To determine gene function, gene inactivation is a powerful tool. Among the gene inactivation strategies, insertional mutagenesis seems most suitable for a systematic functional analysis of a large number of genes. In Arabidopsis, whose entire genomic sequencing will be completed soon, several insertional mutagens have been used for efficient mutagenesis.
These include T-DNA (Azpiroz- Leehan and Feldmann 1997, Krysan et al 1999) and maize transposable elements Ac/Ds (Parinov et al 1999) and En/Spm (Speulman et al 1999 , Tissier et al 1999 . Mutant populations induced by these mutagens are being used for forward and reverse genetics. Since these lines induced by the exogenous insertional mutagens are transgenic plants, it is necessary to grow them under the regulation of recombinant DNA experiments. Because rice plants are relatively large, it is not easy to handle thousands of transgenic rice plants in a greenhouse. Therefore, it is desirable to use endogenous insertional mutagens. Ac/Ds-, En/Spm-, and Mu-like elements Fukuchi 1992, Motohashi et al 1996, R. Ishikawa and M. Freeling, personal communication) have been identified by molecular analysis in rice. Most of them, however, appear to be inactive due to accumulation of mutations. Consistent with these results, none of the spontaneous waxy mutations were induced by transposable elements (Okagaki and Wessler 1988) . This finding does not necessarily mean that active transposable elements do not exist in the rice genome. We have shown that the retrotransposon of rice, named Tos17, is highly active only during tissue culture and that the activation of Tos17 is responsible for tissue-culture-induced mutations (Hirochika et al 1996) . Unique features of Tos17 suggest that it can be used for forward and reverse genetic studies (Hirochika 1997 (Hirochika , 1999 . Here, we report features of Tos17 as an insertional mutagen and the current status of forward and reverse genetic studies of rice using Tos17.
Isolation of active retrotransposons of rice
Although more than 40 families of long terminal repeats (LTR)-retrotransposons have been found in rice (Tos1-Tos32: Hirochika et al , 1996 RIRE1-RIRE8: Noma et al 1997 , Ohtsubo et al, 1999 Rrt1-Rrt23: Wang et al 1997) , only five of them were shown to be active. Tos10, Tos17, Tos19, Tos25, and Tos27, which were isolated by using polymerase chain reaction (PCR) or reverse transcript (RT)-PCR, are silent during normal growth conditions and become active only during tissue culture (Hirochika et al 1996, Hirochika et al, unpublished) . The PCR method is based on the conservation of certain amino acid sequences in the reverse transcriptase domain among Ty1-copia group retrotransposons. Four out of the five active retrotransposons were isolated by using RT-PCR, indicating that this method is very effective for isolating active retrotransposons. This method is based on the fact that most inactive plant retrotransposons are not transcribed and active retrotransposons are transcribed only under certain stress conditions (Hirochika 1993) . Among the five active retrotransposons, Tos17 has been shown to be the most active (Fig. 1 , Hirochika et al 1996, Hirochika, unpublished) . As the transcript of Tos17 was only detected under tissue culture conditions, the transposition of Tos17 must be regulated mainly at the transcriptional level as in the case of tobacco retrotransposons such as Tnt1 (Pouteau et al 1991 , Grandbastien 1998 and Tto1 (Hirochika 1993 , Takeda et al 1998 . To compare the activities of Tos17 and Tos19 under the same culture conditions, the DNA gel blot used in Figure 1 was rehybridized with a Tos19 probe. An increase in copy number ranging from one to three was found only in those plants regenerated from 16-mo-old culture (data not shown), indicating that Tos17 is the major insertional mutagen among the rice retrotransposons examined.
As shown in Figure 2 , Tos17 is 4,114 bp long (Okamoto and Hirochika, unpublished) and carries one open reading frame (ORF) corresponding to Gag and Pol 
Features of Tos17 as an insertional mutagen
The original copy number of Tos17 is two in the japonica variety Nipponbare and five to 30 transposed Tos17 copies were detected in all of the plants regenerated from tissue cultures (Fig. 1) , including transgenic plants (Hirochika et al 1996) . Each plant regenerated from 3-to 9-mo culture showed a different pattern of hybridization with the Tos17 probe (Fig. 1) , indicating that independent transposition events occurred in each cell of the tissue culture. In contrast, the patterns are almost the same in the plants regenerated from 16-mo-old culture. This suggests that a specific cell type was selected during prolonged culture. These results indicate that a proper culture period must be chosen to maintain independent mutations induced in the populations for efficient mutagenesis, although the number of mutations induced by Tos17 increased with a prolonged culture period.
Considering the frequency of transposition, Tos17 is most likely to be involved in tissue-culture-induced mutations. Direct evidence that Tos17 insertions lead to mutations of genes was obtained by analyzing the target sites of Tos17 transposition (Hirochika et al 1996) . Eight target sites were amplified as Tos17-flanking sequences by using inverse PCR (IPCR) and sequenced. Regenerated plants with Tos17-insertions in the phytochrome A gene and the S-receptor kinase-related gene were identified. This result indicates that activation of Tos17 is an important cause of tissueculture-induced mutations. To further confirm the result, more than 100 sequences flanking newly transposed Tos17 copies were characterized. Only one sequence out of 123 investigated showed a 3-bp deletion at the 3' end of Tos17, indicating that rearrangement of Tos17 ends during transposition is rarely induced. Forty-two out of a total of 123 flanking sequences showed significant homology to known genes or hypothetical genes, showing at least one-third of transposed Tos17 integrated into genes. Hybridization studies with amplified flanking sequences indicated that Tos17 preferentially integrates into low-copy-number regions of the genome. These results indicate that Tos17 prefers gene-rich, low-copy regions as integration targets. Twentynine loci of newly transposed copies were identified by restriction fragment length polymorphism (RFLP) linkage analysis using recombinant inbred lines or by PCRbased physical mapping onto the yeast artificial chromosomes (YACs) and plotted onto the rice genetic map (Harushima et al 1998) . Integration target loci were shown to be widely distributed over the chromosomes. Considering this feature and the preferential integration into gene-rich, low-copy regions, saturation mutagenesis with Tos17 should be feasible for tagging and reverse genetic studies.
To make rice lines mutagenized with Tos17, calli were induced from scutella by culturing dehusked mature seeds in a liquid medium for 3 to 5 mo. Five to 15 transposed copies were detected in each plant regenerated from these cultures. A collection of 32,000 regenerated rice lines carrying about 256,000 insertions was generated. Most of the mutagenized lines were derived from variety Nipponbare, which has been chosen as a common resource for genome sequencing (Sasaki and Burr 2000) .
Features of Tos17 useful for forward and reverse genetic studies are summarized as follows. (1) Transposition can be regulated since Tos17 is activated by tissue culture and becomes silent in regenerated plants. (2) Highly mutagenic during tissue culture, Tos17 transposes preferentially into gene-rich, low-copy regions and about eight loci on average are disrupted in each plant regenerated from 5-mo-old culture. (3) Integration target loci were widely distributed over the chromosomes so that random insertion for saturation mutagenesis is feasible. (4) Induced mutations are stable. (5) The original copy number is quite low, one to four depending on varieties, so that it is easy to identify the transposed copy responsible for the specific mutation. (6) The transposon is endogenous so that screening and characterization of mutants in the field are possible without any regulation of recombinant DNA experiments. This must be important because many agronomically important traits are best characterized in the field.
Retrotransposons as a tool for transposon-tagging
The feasibility of transposon-tagging in rice was suggested by using Ac and Ac/Ds elements (Izawa et al 1997) ; however, no clear evidence for tagging has been reported so far. Here, we demonstrate the feasibility of gene-tagging using Tos17. We first screened R 1 (M 2 ) generations of regenerated rice for mutants based on the phenotypes in the paddy field. About 30% of 2,300 lines examined showed many kinds of visible mutant phenotypes, such as dwarf, sterile, yellow, albino, virescent, viviparous, brittle, and spotted leaf. These lines were also subjected to flanking sequence analysis for cataloguing genes disrupted by insertion of Tos17 (see the following section). Some of the mutants were picked out and further subjected to cosegregation analysis to determine whether the mutations were caused by Tos17 insertions. Genetic analysis showed that all these mutations are recessive, although some did not segregate in a 1:3 ratio. Because the original copy number of Tos17 is quite low (one to four depending on varieties) in contrast to other plant retrotransposons such as Tnt1 (several hundred copies, Grandbastien et al 1989) and Tto1 (30 copies, Hirochika 1993), it is possible to identify the specific Tos17 copy cosegregating with the mutant phenotype by DNA gel blot analysis. In the mutants, five to 30 transposed Tos17 copies were detected and perfect cosegregation of one Tos17 copy was observed in 5% to 10% of the mutant lines examined. These results strongly suggest that the cosegregating mutations are caused by Tos17 insertion. Genomic sequences corresponding to mutant loci were amplified by IPCR or TAIL-PCR (Liu and Whittier 1995) and partially sequenced. Some mutants exhibited phenotypes expected from biochemical functions deduced from disrupted gene sequences. For example, in one viviparous mutant, the zeaxanthin epoxidase gene was disrupted. Because this gene, originally isolated in Nicotiana plumbaginifolia by transposon-tagging using the maize Ac (Marin et al 1996) , has been shown to be involved in the abscisic acid (ABA) biosynthetic pathway, it is reasonable to expect a viviparous phenotype. In the rice mutant, the induced ABA level was dramatically reduced. Finally, tagging was confirmed by characterizing an allelic mutant that was identified by PCR screening among the Tos17-induced mutant population (see the next section). As expected, the allelic mutant showed the viviparous and wilty phenotype. Another example is a gibberellin (GA)-sensitive dwarf mutant. The mutation in the ent-kaurene synthase gene cosegregated with the mutant phenotype and another allelic mutant showed the same dwarf phenotype, demonstrating the causal relationship between the mutation and the observed mutant phenotype. One semidwarf mutant exhibited insensitivity to brassinolide, suggesting that the mutant is deficient in brassinolide-signaling. An allelic mutant identified by PCR screening showed a similar phenotype. The causative gene showed no homology to known genes. These data clearly demonstrate that transposon-tagging with Tos17 is quite feasible and useful for cloning of important genes. Table 1 summarizes examples of successful tagging. In addition to listed genes, many other genes are being analyzed to confirm the causal relationship.
Although the above results demonstrated that transposon-tagging using Tos17 is feasible, we must consider the problem of low tagging efficiency. A similar problem was noted when T-DNA and Ac/Ds elements were used (Bancroft et al 1993 , Long et al 1993 , Azpiroz-Leehan and Feldmann 1997 . In these cases, nontagged mutations are thought to be caused by abortive insertion events that result in a rearrangement at the target site without integration of the elements (Azpiroz- Leehan and Feldmann 1997, Bancroft et al 1993) . A rearrangement caused by imprecise excision would be another important factor, as has been discussed in rice, in which the Ac/Ds system was employed (Izawa et al 1997) . Mutations not tagged with Tos17 may be due to insertions of unknown transposable elements activated by tissue culture, whereas tissue-culture-induced mutations not related to transposable elements (Larkin and Scowcroft 1981 , Brettell et al 1986 , Dennis et al 1987 may also be involved. To increase the efficiency of transposon-tagging, it is important to find new transposable elements responsible for tissue-culture-induced mutations and/or reduce mutation frequency not related to transposable elements. As discussed above, transposition of plant retrotransposons including Tos17 is mainly regulated at the transcriptional level. Thus, it would be possible to avoid the problems associated with tissue culture by modifying the promoter of Tos17 or by finding new conditions under which Tos17 can be activated.
Retrotransposons as a tool for reverse genetic studies Two strategies are employed to screen mutants for reverse genetic studies. One is the PCR screening of mutants. Mutants of the gene of interest can be identified in a large mutant population by PCR. Another important strategy is the random sequencing of mutated genes by isolating the sequences flanking transposed Tos17. Loss-of-function phenotypes shown by identified mutants can then be studied to determine the biological function of the gene.
Screening of mutants of a specific gene by using PCR. This method was first developed in Drosophila (Ballinger and Benzer 1989, Kaiser and Goodwin 1990) and has since been used in Caenorhabditis elegans (Zwaal et al 1993) , petunia (Koes et al 1995) , and maize (Bensen et al 1995, Das and Martienssen 1995) . Figure 3A shows the principle of PCR screening of mutants. Four combinations of two gene-specific Seeds were pooled in a three-dimensional matrix and DNA was extracted from shoots derived from each pool of seeds. A total of 270 pooled DNAs were extracted from nine populations (a total of 8,640 lines).
primers (G1, G2) and two Tos17-specific primers (T1, T2) were used in separate reactions to detect Tos17 insertions irrespective of their position and orientation. Two primer combinations produce PCR products if mutants carry insertions between the T1 and T2 primer sites. If mutants carry insertions outside of this region, only one primer combination produces PCR products. To carry out PCR screening efficiently, a two-or three-dimensional DNA-pooling system can be used. To screen a small population, a two-dimensional system can be used. A mutant of the homeobox gene (OSH15) was found in a small population consisting of 529 lines (Sato et al 1999) .
Based on the phenotype of the mutant, OSH15 was shown to be involved in the development of internodes. Figure 3B shows a three-dimensional pooling system. A population of 960 mutant lines was arrayed in a 96-well format. Seeds of the lines were pooled in a threedimensional matrix and DNA was extracted from shoots derived from each pool of seeds. From nine populations (a total of 8,640 lines), 270 pooled DNAs were extracted. A total of 8,640 lines can be screened by 72 (= 2 × 4 × 9) PCR reactions using a super pool consisting of four X-pool DNAs. Figure 4 shows one example of screening. Eighteen mutant alleles of OSERECTA were identified. Considering the saturation level (see below) of the mutant population used for PCR screening, the OSERECTA gene must be a hot spot for Tos17 insertion. This gene is homologous to ERECTA of Arabidopsis (Torii et al 1996) ; it is thus named OSERECTA. If a mutant of a target gene is found, Y-and Z-pool DNAs from the positive population undergo PCR screening to identify the mutant line. A total of 11,809 lines carrying 84,975 insertions have been screened for mutants of 47 genes and mutants of 15 genes have been identified. These include mutants of genes involved in signal transduction and genes for transcription factors. Some mutants are being characterized for their phenotypes. Among those, mutants of OSMPK2 (MAP kinase gene), OSDWARF3 homologous to the maize DWARF3 gene (Winkler and Helentjaris 1995) , and OSERECTA showed clear phenotypes.
The results described above demonstrate the feasibility of PCR screening of mutants. To make this system generally applicable to any gene of interest, mutations induced by Tos17 insertion must be saturated. The success rate (15/47) of PCR screening suggests that at least 37,000 lines are required for saturation mutagenesis. The number of lines required for saturation mutagenesis can also be estimated by using the equation of Clarke and Carbon (1976) . By assuming that (1) Tos17 transposes randomly throughout the chromosomes, (2) the average size of rice genes is 3.0 kb, and (3) the number of transposed Tos17 copies per regenerated plant is eight, then a total of 58,875 mutant lines are required to have a 99% chance of finding a mutant of any gene. Because Tos17 prefers low-copy, gene-rich regions as integration targets, fewer mutant lines may be enough for saturation. Considering the ease of tissue culture and regeneration of rice, saturation mutagenesis with Tos17 is quite feasible.
Systematic screening of mutants by sequencing Tos17 insertion sites. Although PCR screening seems to be the most efficient approach for reverse genetics, it may not be suitable for the analysis of a large number of genes. Considering large-scale functional genomics in the postsequencing era, a systematic approach to find mutants for a large number of genes is needed. One of the possible approaches is cataloguing . Screening for mutants of OSERECTA. Twenty-two superpools underwent polymerase chain reaction using four combinations of two gene-specific primers (G1, G2) and two Tos17-specific primers (T1, T2). Positive bands (indicated by arrowheads) were detected by DNA blotting with a gene-specific probe. A total of 10,944 lines carrying 72,000 insertions were screened.
5 kb-1 kb-of insertion mutants by sequencing the genomic DNA sequence flanking insertions. As we reported previously, mutants of interesting genes were identified by sequencing only eight sequences flanking Tos17 insertions (Hirochika et al 1996) . In this case, IPCR was used to amplify the flanking sequences. To carry out large-scale sequencing of the flanking sequences, more simple PCR methods such as TAIL-and suppression-PCR (Siebert et al 1995) were adopted (Miyao et al 1998) and PCR products were directly sequenced. Two different PCR methods were employed to increase the efficiency of amplifying flanking sequences. By combining these two methods, about 95% of flanking sequences were obtained. Sequences obtained underwent a similarity search using the BLASTX program. More than 20,000 flanking sequences from 2,134 lines have been determined. These are classified into 7,376 independent flanking sequences and about 30% of the sequences showed homology to known genes. Different classes of genes, such as genes for transcription factors, genes involved in the signal transduction, genes with similarity to disease-resistance genes, and genes involved in metabolism, have been shown to be disrupted by Tos17 insertion (Table 2) . Insertions into DNA-type transposable elements and retrotransposons including Tos17 have also been found. This strategy should be useful not only for identification of mutants but also for discovery of new genes. Some 36,000 ESTs of rice have been sequenced but these correspond to only one-third to one-half of the rice genes, considering the redundancy (Sasaki 1997 ). This suggests that at least onehalf of the mutant genes identified by random sequencing of the Tos17-flanking sequences are new genes. If the entire genomic sequencing is completed, the disrupted genes can be readily identified and the insertion sites can be mapped by comparing the flanking sequences with the genomic sequence. Thus, flanking-sequence databases will become a powerful tool for reverse genetic studies. a A total of 7,376 independent flanking sequences from 2,134 lines were analyzed using the BLASTX program. Sequences showing significant similarity (E-value less than e -4 ) to known proteins in the database are assigned to functional categories as described (Bevan et al 1998) .
Mutants identified by this method are being characterized for their phenotypes and some showed clear phenotypes. For example, one mutant line was shown to carry the Tos17 insertion in the gene with a significant homology to a RING finger gene. This gene is new in rice and is thus named OSRING1. Diverse important functions of RING finger genes have been reported in yeast, nematode, Drosophila, and mammals (Saurin et al 1996) , such as oncogenesis, signal transduction, and biogenesis of peroxisome. However, because the functions of plant RING finger genes are not known except for COP1 (Torii et al 1998) , we started the functional analysis of the OSRING1 gene. The mutant showed deficiency in lateral root development. Introducing the 5.3-kb genomic fragment containing the entire ORF driven by the 35S promoter could complement the mutant phenotype, confirming that it is caused by the disruption of OSRING1. Further analysis showed that OSRING1 negatively regulates ethylene production and thus controls cell elongation during lateral root development.
In summary, these results indicate that the strategy described in this section is feasible and applicable to the genome-wide screening of mutants. Another important result obtained by the analysis of the flanking sequences is that the ends of transposed Tos17 copies are intact. In contrast, rearrangements of terminal regions of T-DNA are induced quite often (Castle et al 1993 , Krysan et al 1999 . No induction of rearrangements of the Tos17 ends makes it easy to isolate flanking sequences and screen for mutants by PCR.
Notes

